Botulism due to type F botulinum neurotoxin (BoNT/F) is rare (<1% of cases), and only a limited number of clostridial strains producing this toxin type have been isolated. As a result, analysis of the diversity of genes encoding BoNT/F has been challenging. In this study, the entire bont/F nucleotide sequences were determined from 33 type F botulinum toxin-producing clostridial strains isolated from environmental sources and botulism outbreak investigations. We examined proteolytic and nonproteolytic Clostridium botulinum type F strains, bivalent strains, including Bf and Af, and Clostridium baratii type F strains. Phylogenetic analysis revealed that the bont/F genes examined formed 7 subtypes (F1 to F7) and that the nucleotide sequence identities of these subtypes differed by up to 25%. The genes from proteolytic (group I) C. botulinum strains formed subtypes F1 through F5, while the genes from nonproteolytic (group II) C. botulinum strains formed subtype F6. Subtype F7 was composed exclusively of bont/F genes from C. baratii strains. The region of the bont/F5 gene encoding the neurotoxin light chain was found to be highly divergent compared to the other subtypes. Although the bont/F5 nucleotide sequences were found to be identical in strains harboring this gene, the gene located directly upstream (ntnh/F) demonstrated sequence variation among representative strains of this subtype. These results demonstrate that extensive nucleotide diversity exists among genes encoding type F neurotoxins from strains with different phylogenetic backgrounds and from various geographical sources.
Botulism is a potentially fatal disease caused solely by the action of serologically distinct neurotoxins (BoNT/A, -B, -C, -D, -E, -F, or -G) which prevent acetylcholine release at neuromuscular junctions, resulting in paralysis. Food-borne botulism may result from the ingestion of a preformed toxin that is produced in inadequately preserved food. Under certain conditions, botulinum neurotoxin-producing Clostridium sp. may colonize and produce toxin in wounds (wound botulism) or in the intestine (infant botulism or adult colonization). Globally, human botulism cases are associated with botulinum neurotoxin serotypes A, B, E, and rarely F. The Centers for Disease Control and Prevention (CDC) maintains active surveillance for botulism cases in the United States. Of 1,269 U.S. cases of botulism reported to the CDC between 1981 and 2002, approximately 1% were due to type F toxin (13) . An additional 10 cases of type F botulism were reported to the CDC from 2003 to 2007 (http://www.cdc.gov/nationalsurveillance /botulism_surveillance.html).
Type F botulism was first described in 1960 following an outbreak occurring in Denmark involving liver paste (30) . The organism isolated in this outbreak metabolically resembled proteolytic Clostridium botulinum strains of types A and B. In a subsequent outbreak, type F toxin was found to be produced by a nonproteolytic C. botulinum strain isolated from venison jerky (29) . Bivalent toxin-producing strains have been described, including Bf strains isolated from infants in the United States and England (1, 16, 17, 35) and an Af strain isolated from individuals in Argentina with food-borne botulism (11) . Bivalent strains may produce higher titers of one toxin type, which are denoted with a capital letter. The only reported organism isolated from infants with botulism due to type F toxin alone (i.e., not associated with additional serotypes as in bivalent strains) is Clostridium baratii (2, 14, 24) . In addition, C. baratii type F has been isolated from adults with botulism (28) as well as suspect foods associated with botulism cases (15; CDC, unpublished data).
Botulinum neurotoxin genes (bont) are typically found within toxin gene clusters that include other genes encoding components of the toxin complex (ha70, ha17, ha33, ntnh), regulatory proteins (botR), or proteins with unknown functions (p47, orfX1, orfX2, orfX3). Two general toxin gene cluster arrangements have been described, including the orfX cluster (orfX3-orfX2-orfX1-botR-p47-ntnh-bont) and the ha cluster (ha70-ha17-ha33-botR-ntnh-bont) (21, 22) . The bont/F genes of type F and type Bf strains examined by Hill et al. (21) were found in an orfX cluster.
The amino acid sequence identities of the BoNT serotypes A to G range from approximately 35 to 70% (36) . In addition, within nearly all toxin serotypes, various levels of amino acid sequence variation have been observed, resulting in the identification of toxin subtypes (20, 36, 37) .
Although a limited number of genes encoding type F botulinum neurotoxin have been sequenced, a comparison of sequences available in public databases indicates that significant diversity exists within this serotype. The nucleotide sequence identity of the type F neurotoxin gene from the proteolytic strain Langeland differs from that of the gene in the nonproteolytic strain 202F by 7%. The type F gene from C. baratii strain ATCC 43756 differs from those of Langeland and 202F by 18% and 20%, respectively. Although the bivalent (Bf) strain CDC3281 is phenotypically proteolytic, the toxin gene shows greater similarity to those from nonproteolytic strains (34) . In addition to metabolic differences observed between proteolytic and nonproteolytic C. botulinum strains as well as C. baratii, these organisms are phylogenetically distinct based on differences among their 16S rRNA sequences (5, 20) .
In order to define the degree of genetic diversity among strains encoding botulinum neurotoxin type F, we sequenced the bont/F gene and partially characterized the toxin gene cluster by using a panel of 33 strains with diverse origins. These strains were selected from those available in the CDC culture collection as well as several isolated in Argentina. The only reported Af strains have been isolated in Argentina. Among 68 outbreaks of serotype-confirmed food-borne botulism in Argentina between 1922 and 2007, type F was isolated in two outbreaks, and type Af was isolated in one outbreak. In addition, Lúquez et al. (26) reported isolation of type F and Af strains from Argentine soils.
Here, we report that analysis of the bont/F genes from the strains examined in this study revealed a high degree of nucleotide sequence heterogeneity and the identification of seven type F subtypes (F1 to F7). In addition, the nucleotide sequence of one subtype (F5) has not been previously reported and contains evidence of recombination compared to the other subtypes.
MATERIALS AND METHODS
Bacterial strains used in this study. Clostridial strains were grown anaerobically at 35°C either on egg yolk agar (EYA) medium (7) or in Trypticasepeptone-glucose-yeast extract (TPGY) medium (Remel, Lenexa, KS). Stock cultures were stored in bovine brain medium (7) at 4°C. Strains used in this study are identified in Table 1 .
Characterization of strains. Neurotoxin genes bont/A, bont/B, and bont/F were detected using PCR. Previously reported primers A2Fa and A2Ra were used to amplify bont/A (33) , and primers B2Fa and B3Ra were used to amplify bont/B (27) . Real-time PCR primers and probes reported by Fach et al. (10) were used to detect bont/F with the following modifications. The assay was performed using an ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA) and FastStart DNA Master HybProbe (Roche, Indianapolis, IN) PCR reagents. The PCR conditions included an initial 95°C cycle for 10 min followed by 40 cycles of 95°C for 10 s and 50°C for 70 s.
TPGY cultures were inoculated with clostridial strains and incubated for 5 days. Botulinum toxins were detected in culture supernatants by the mouse bioassay, using standard methods (4). Isolation of genomic DNA. TPGY cultures (10 ml) were incubated for 24 h and then centrifuged for 10 min at 4,000 rpm in a swinging-bucket centrifuge to pellet the bacteria. The pellet was resuspended in 300 l of Tris-EDTA (TE) containing 30 mg/ml lysozyme (Sigma, St. Louis, MO) and incubated for 30 min at 37°C. The MasterPure DNA purification kit (Epicentre, Madison, WI) was used with some modifications to isolate genomic DNA. Specifically, 2ϫ tissue and cell lysis buffer (300 l) containing 200 g RNase A (Qiagen, Valencia, CA) was added to the resuspended bacterial pellet followed by 350 l of protein precipitation buffer. The suspension was centrifuged for 10 min at 4°C, and genomic DNA was precipitated by addition of 1 ml of isopropanol. The DNA was resuspended in TE buffer, passed through a 0.1-m centrifuge filter (Millipore, Billerica, MA), and stored at 4°C until analysis (Ͻ6 months).
Botulinum neurotoxin gene sequencing. Overlapping fragments of the entire bont/A and bont/B genes were amplified and sequenced using previously reported primers (27, 33) . Primers used to amplify and sequence bont/F genes were selected from various previously reported sequences and from unique bont/F sequences determined during the course of this study (see Table S1 in the supplemental material). PCR was performed with Platinum Taq DNA Polymerase High Fidelity (Invitrogen, Carlsbad, CA), and thermocycling conditions included an initial 95°C cycle for 10 min followed by 40 cycles of 95°C for 30 s, 50°C for 30 s, and 68°C for 1.5 to 3 min. DNA sequencing was performed using an Applied Biosystems 3730 DNA analyzer.
DNA sequence and phylogenetic analysis. DNA sequences were assembled using Sequencher (Gene Codes, Ann Arbor, MI). BIOEDIT (http://www.mbio .ncsu.edu/BioEdit/bioedit.html) was used to edit sequences and perform predicted amino acid translation. Gene sequences determined in this study and from previously published sequences were aligned using CLUSTALW, and phylogenetic analysis was performed using MEGA 4 (http://www.megasoftware.net).
Additional comparative analysis among bont/F genes was performed using SimPlot (http://sray.med.som.jhmi.edu/SCRoftware/simplot/). Pairwise comparisons of nucleotide and predicted amino acid sequences were performed using the EMBOSS pairwise alignment algorithm (http://www.ebi.ac.uk/Tools/emboss /align/index.html).
An approximately 1.3-kb region of the 16S rRNA gene of each strain examined in this study was amplified and sequenced using primers and conditions reported previously (20) .
Analysis of partial neurotoxin gene clusters. A PCR assay targeting an internal fragment of p47 by the use of previously reported primers (33) was used to detect the presence of this gene in genomic DNA of the strains examined in this study.
Partial neurotoxin gene clusters present in representative F5 strains CDC54079, CDC54085, CDC54090, and CDC54096 were amplified and sequenced using primers shown in Table S2 in the supplemental material. The thermocycling conditions included an initial 95°C cycle for 10 min followed by 40 cycles of 95°C for 30 s, 50°C for 30 s, and 68°C for 1.5 to 3 min.
Nucleotide sequence accession numbers. The GenBank accession numbers for the bont/F genes are shown in Table 1 . The bont/A sequences of Af strains sequenced in this study were deposited under accession numbers GU206530 to GU206535. The bont/B sequence of Bf strain CDC4013 was deposited under accession number GU271943.
The ntnh/F sequences present in strains CDC54079, CDC54085, CDC54090, and CDC54096 were deposited under accession numbers GU221928, GU221929, GU299676, and GU299675, respectively. The ntnh/A sequences present in strains CDC54079 and CDC54096 were deposited under accession numbers GU221927 and GU299674, respectively.
RESULTS
Characterization of type F strains. As shown in Table 1 , a panel of type F botulinum neurotoxin-producing strains representing various geographical regions and sources was assembled. The panel consisted of 21 C. botulinum type F strains, 5 C. baratii type F strains, 1 C. botulinum type Bf strain, and 6 C. botulinum type Af strains.
As shown in Fig. 1, 16S rRNA gene sequencing revealed that 24 of the strains examined had sequences corresponding to C. botulinum group I, four of the strains were C. botulinum group II, and five of the strains clustered with the C. baratii sequence.
FIG. 1. Phylogenetic analysis of partial 16S rRNA gene nucleotide sequences (ϳ1.3 kb) from various botulinum toxin-producing clostridial strains. The phylogenetic tree was generated using the neighborjoining method. Bootstrap values and genetic distance (bar) are shown. Clusters corresponding to different phylogenetic groups are labeled according to previous reports (5, 20) . The toxin serotype of each strain is shown in parentheses. An asterisk indicates that the sequence of the specified strain was obtained from GenBank (accession numbers are as follows: KyotoF, X73844; NCTC7272, X68185; NCTC10281, X68172; CDC1656, EF051572; 2740, EF030542; 003-9, EF030537; Schantz, EF030538; 202F, EF030541; 17B, EF030536; ATCC 43181, EF030540; Alaska E43, EF030539; ATCC 43756, X68175).
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Neurotoxin gene sequences. The bont/F gene sequence was determined for each of the strains in the panel. As shown in Fig. 2 , phylogenetic analysis of the bont/F genes and additional sequences available in public databases revealed a high degree of nucleotide sequence variation. The bont/F genes formed seven clusters termed subtypes F1 to F7. The nucleotide sequence identities of these subtypes differed by up to 25% (Table 2) .
Subtypes F1 to F5 consisted of C. botulinum group I strains, while subtype F6 consisted of C. botulinum group II strains. The bont/F genes from C. baratii type F strains were Ͼ99% identical to each other and formed subtype F7. Notably, the F7 subtype sequences were the most divergent compared to the other subtypes. The type F and Af strains from Argentina were divided among subtypes F3, F4, and F5. Interestingly, bivalent Af strains harbored bont/F genes from subtype F4 or F5, while Bf strains harbored bont/F genes only from subtype F2.
All of the strains harboring bont/F5 originated in Argentina and were 100% identical to each other despite being isolated from distinct sources (i.e., soil and stool). Strains harboring bont/F4 included several Argentine strains from distinct sources sequenced in this study; strain Af84 (GenBank accession number FJ968748), which also originated in Argentina; and a type F strain (CDC49930) isolated from honey in the United States.
As shown in Fig. 3 , all of the F subtypes showed poor similarity with bont/F5 for approximately the first 1,500 nucleotides of the gene. BLAST analysis revealed that while the full-length bont/F5 sequence has not been previously reported, nucleotides 1319 to 3834 of bont/F5 showed the highest degree of sequence identity (94%) to the bont/F2 gene from type Bf strain CDC3281 (data not shown).
We also sequenced the bont/A and bont/B genes in the bivalent Af and Bf strains, respectively. Consistent with previous observations (20) , all of the type Af strains examined harbored an A2 subtype neurotoxin gene, and the Bf strain (CDC4013) harbored the bont/B gene associated with bivalent strains (subtype bvB).
FIG. 2. Phylogenetic analysis of bont/F nucleotide sequences.
The phylogenetic tree was generated using the neighbor-joining method. Bootstrap values and genetic distance (bar) are shown. Clusters designated subtypes F1 to F7 are labeled on the right. The toxin serotypes of bivalent strains are shown in parentheses. An asterisk indicates that the bont/F sequence of the specified strain was obtained from GenBank (accession numbers for the strains are as follows: CDC3281, Y13631; 202F, M92906; Af84, FJ968748; ATCC 43756, X68262). Comparison of amino acid sequences in subtypes F1 to F7. The predicted BoNT/F amino acid sequences from representative strains of each BoNT/F subtype were compared in pairwise alignments (Table 2 ). While subtypes F2 and F3 shared the greatest amino acid sequence identity (97.1%), subtypes F5 and F7 shared the least sequence identity (63.9%).
Botulinum neurotoxins contain a zinc endopeptidase domain (HExxH) found in the light chain and a membranespanning domain (PYxGxAL) found in the heavy chain (18, 25) . The amino acid sequences associated with these functional domains are conserved in each of the representative type F subtypes (data not shown). Moreover, residues C429 and C445 (positions based on the Langeland sequence), which form a disulfide linkage between the light and heavy chains, are also conserved in each type F subtype representative (data not shown).
The light chain region of subtype F5 demonstrated the lowest level of amino acid sequence identity (range, 46.3% to 48.3%) to any other subtype (Table 3) . However, the heavy chain region of subtype F5 demonstrated significantly high amino acid sequence identity compared to the other subtypes (range, 72.7% to 89.1%).
The light chain region of subtype F7 also displayed low sequence identity (range, 46.9% to 64.2%) with the other subtypes. Interestingly, the heavy chain of this subtype shared the lowest amino acid sequence identity with the other subtypes (range, 72.7% to 79.2%).
Neurotoxin gene cluster characterization. The gene p47 is a component of a class of neurotoxin gene clusters that typically also harbors orfX1-orfX3. All of the strains examined in this study harbored p47 as demonstrated by PCR targeting this gene (data not shown).
Because of the presence of a unique 5Ј region in the bont/F5 sequence, the ntnh/F gene, which is located directly downstream of p47 and upstream of the neurotoxin gene, was sequenced to determine if there was any evidence of recombination in ntnh/F. Since the F5 subtype contained both monovalent type F strains and bivalent Af strains, we also wanted to determine (i) the similarity of the ntnh/F sequences between monovalent and bivalent strains and (ii) whether bivalent Af strains harbored separate toxin gene clusters associated with each neurotoxin gene or if both neurotoxin genes were associated with the same toxin gene cluster.
The ntnh/F genes from representative subtype F5 strains CDC54079, CDC54085, CDC54090, and CDC54096 are compared in Fig. 4A . The genes found in strains CDC54085, CDC54090, and CDC54096 are identical and share approximately 96% nucleotide sequence identity with the gene found in strain CDC54079. In bivalent (Af) strains CDC54079 and CDC54096, separate PCR products were obtained when the region between p47 and either bont/A or bont/F5 was amplified, indicating that the neurotoxin genes are arranged in different gene clusters (Fig. 4B) .
The ntnh/A genes in strains CDC54079 and CDC54096 differed by a single nucleotide. Furthermore, the ntnh/A gene found in strain CDC54079 was identical with that found in the previously sequenced subtype A2 strain Kyoto (Fig. 4A) .
The ntnh/F gene in the type Af strain CDC54079 differs from the ntnh/F genes in strains CDC54085, CDC54090, and CDC54096 by 124 nucleotides. Moreover, the ntnh/F gene in strain CDC54079 shared greater sequence identity (Ͼ99%) with ntnh/A in the bivalent strains examined than with ntnh/F from the remaining representative subtype F5 strains examined (Fig. 4A) . The ntnh/F gene in strain CDC54079 is nearly identical to the ntnh/A gene in this strain until nucleotide position 3418 (Fig. 4C) ; however, from this position, the ntnh/F genes from CDC54079 and CDC54085 are identical through the remainder of the gene. Notably, all of the ntnh/F genes are 12 nucleotides longer than the ntnh/A gene found in strain CDC54079 or CDC54096.
DISCUSSION
The term "toxin subtype" has been applied to strains producing toxins with multiple antigenic components (e.g., Af) and more recently to different clades of highly similar neurotoxin gene sequences encoding specific toxin serotypes (e.g., A1 to A5) (11, 20, 37) . In 2005, Smith et al. (37) reported that among the 49 complete neurotoxin sequences (A through G) available at that time, the lowest level of amino acid sequence variability within a serotype was 2.6%. In that study, the minimum level of BoNT/F amino acid sequence differences among type F strains (including proteolytic, nonproteolytic, and bivalent C. botulinum as well as C. baratii strains) was 10.7%, indicating that all of the sequences were different subtypes. Hill et al. (20) examined the diversity of neurotoxin genes within serotypes A, B, and E and clustered toxin genes into subtypes by using a phylogenetic approach. The levels of subtype nucleotide sequence variation differ among serotypes. For instance, the nucleotide sequences of subtypes E1 to E5 differ by up to 3%, while subtypes A1 to A5 vary by up to 8% (3, 6, 20) . The objective of this study was to define the sequence diversity of type F botulinum neurotoxin genes found in strains isolated from different sources and geographical origins. Although type F strains are infrequently isolated from individuals with botulism and have a low prevalence in the environment, a surprisingly high level of diversity was found among bont/F genes, resulting in the identification of seven subtypes (F1 to F7). These subtypes differed from each other by up to 25% at the nucleotide level, indicating that serotype F strains contain the highest level of nucleotide sequence diversity reported to date. Although a high level of genetic diversity exists among bont/F genes, the phylogenetic diversity of organisms harboring subtypes F1 to F7 is more limited. Strains harboring subtypes F1 to F5 belonged to C. botulinum group I, while subtypes F6 and F7 were found in C. botulinum group II and C. baratii strains, respectively. Subtypes F1 and F6 contain strains isolated from food associated with human botulism. Strain Langeland was isolated from liver paste, and VPI7943 was isolated from venison jerky (29, 30) . Remarkably, both subtypes F1 and F6 contain several strains isolated from marine environments.
The F2 and F3 subtypes share the highest level of nucleotide sequence identity. Subtype F2 contains nearly identical bont/F genes from bivalent (Bf) strains (CDC4013 and CDC3281) which were isolated from different infants with botulism (16, 17, 34) . Subtype F3 strains are monovalent and contain bont/F genes from two different strains (CDC54086 and VPI4257) isolated from soil separated by 400 miles in Buenos Aires province (Argentina). The BoNT/F amino acid sequences of the representative subtype F2 strain (CDC4013) differed from those of the subtype F3 strains (CDC54086 and VPI4257) by 2.9%.
All but one of the subtype F4 strains was isolated from Argentina. Strain CDC49930 was isolated from honey that was examined during an investigation of a laboratory-confirmed (type A) infant botulism case in Ohio. Since the toxin serotypes of the organism isolated from the infant and the isolate from the honey were different, the honey was not the source of infant botulism in this case. Subtype F4 also includes strains isolated from soil, dust, chamomile, and canned anchovies (not associated with a botulism case). The strains isolated from soil (CDC54076, CDC54091, CDC54093) originated in Mendoza province, which included locations with different types of land use (cultivated, uncultivated, etc.).
All of the subtype F5 strains were isolated from Argentina. These strains included those isolated from the stools of different individuals with botulism (CDC54090, CDC54096) as well as from soil. Notably, the strains isolated from soil originated in different locations in Mendoza and Tucuman provinces.
We examined five C. baratii strains isolated from separate botulism cases. Four of the bont/F7 genes which were isolated from C. baratii cases occurring in the United States had identical nucleotide sequences. One isolate from food associated with a botulism outbreak occurring in Thailand harbored a bont/F7 gene that differed from the others by Ͻ1%.
Botulinum neurotoxins are composed of a 50-kDa light chain and a 100-kDa heavy chain. The heavy chain possesses a binding domain that enables binding and uptake of the toxin into the neuronal cell. The light chain, which possesses endopeptidase activity, cleaves specific proteins associated with synaptic vesicle docking at the membrane of the host cell. Comparison of the amino acid sequences of the light chain and heavy chain of BoNT/F1 to -F7 revealed that the light chain of BoNT/F5 was highly divergent compared to those of the other subtypes. Although known functional domains of BoNT/F5 are intact, the activity of the light chain in this subtype compared to that of the others remains to be determined. Two lines of evidence indicate that the light chain is functional: (i) the F5 strain CDC54090 was isolated from an individual with botulism, and (ii) F5 strains produced culture supernatants that required neutralization with F antitoxins in the mouse bioassay.
The heavy chain of BoNT/F5 is most similar to that of BoNT/F2 (89.1% identity). As a result, BoNT/F5 appears to be a hybrid composed of a unique light chain and an F2-like heavy chain. Therefore, we sequenced the ntnh/F genes in representative monovalent and bivalent (Af) subtype F5 strains to determine if there was evidence of recombination in this gene, which is located directly upstream of bont/F. While ntnh/F genes found in three subtype F5 strains (CDC54085, CDC54090, and CDC54096) were identical, the gene in strain CDC54079 differs from the others by approximately 4%. This finding is surprising as the bont/F5 genes are 100% identical to each other.
We also sequenced the ntnh/A gene from Af strains CDC54079 and CDC54096. The ntnh/F gene in strain CDC54079 was nearly identical to the ntnh/A gene until nucleotide position 3418. At this position, the ntnh/F sequence in strain CDC54079 becomes 100% identical with the gene found in strains CDC54085, CDC54090, and CDC54096 through the stop codon. These results indicate that a similar recombination event likely occurred in the 3Ј end of the ntnh/F genes in all of the subtype F5 strains examined. Similarly, the ntnh/F and ntnh/A genes from strains Langeland and Kyoto, respectively, share a high degree of nucleotide identity but have divergent 3Ј termini followed by different neurotoxin genes (8, 21) .
Further work is needed to define the genotypic relationships of strains within and among the F subtypes identified. Nevas et al. (31) demonstrated that three distinct proteolytic (group I) type F strains had indistinguishable SacII pulsed-field gel electrophoresis (PFGE) patterns, while another study (19) indicated that two out of three nonproteolytic (group II) strains had indistinguishable SmaI PFGE profiles. It is possible that the level of genotypic diversity among strains harboring different bont/F subtypes varies.
The extent of the diversity in bont/F nucleotide sequences determined in this study underscores the importance of examining C. botulinum strains isolated from multiple sources and geographical locations. These findings have particular impact for the design of detection assays for both the bont/F gene and type F botulinum neurotoxin.
